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1. INTRODUCTION 
 
The Neoproterozoic era was a turning point in the development of the modern earth 
system. This era includes tectonically major supercontinental reconfigurations, 
climatically strong glaciations and geochemically some of the most anomalous 
fluctuations in climate history. The Neoproterozoic era extends from 1.0 Ga to 540 Ma. 
It can be subdivided into three periods: Tonian (1.0 Ga – 720 Ma), Cryogenian (720 – 
635 Ma) and Ediacaran (635 – 540 Ma).  
The Tonian Period is known for the Rodinia supercontinent break-up. During the 
Cryogenian, glaciations returned after a billion-year absence. There were at least two 
Snowball Earth events, which means that the continental ice sheets were in the low 
latitudes and the oceans were almost entirely frozen over. In the Ediacaran are found the 
earliest fossils of multicellular life including the earliest animals.  
The two Neoproterozoic Snowball Earth events— the Sturtian at 720 Ma and the 
Marinoan at 635 Ma — are major characteristic events of this era in addition to the 
appearance of the metazoan life in the Ediacaran period. Evidences of the Snowball earth 
events are found around the globe: sedimentary deposits known as diamictites have been 
found from areas which were at the equator at the time of these Neoproterozoic events 
(Pierrehumbert et al. 2011). Sedimentary evidence from the end of the Cryogenian 
glaciations suggests that the glaciations ended abruptly: distinctive limestone and 
dolomite sediments called cap-carbonates, overlay immediately the ice-transported tillite 
deposits and cap-carbonates have been interpreted to indicate particularly warm water 
conditions (Butterfield 2015).  
The stable isotopic composition of carbon in carbonates preserves evidence from the 
climatic history of the earth. The carbon cycle is a biogeochemical cycle where carbon is 
exchanged among the atmosphere, biosphere, geosphere, hydrosphere, and pedosphere of 
the Earth. Due to processes of the carbon cycle, there are fluctuation in the 13C-enrichment 
among carbon reservoirs. Some of these isotopic signatures may be traced into global 
events in the earth climate history.  
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Extreme carbon isotope excursions occurred during the Neoproterozoic era. Long period 
of time is characterized by highly positive δ13C value of carbonate indicating a high 
proportion of organic carbon burial. These positive values are interrupted by sharp 
negative spikes. The Sturtian and Marinoan glaciations are linked to these negative 
excursions (Pierrehumbert et al. 2011).  
During the late Neoproterozoic era happened the Neoproterozoic Oxygenation Event 
(NOE), when the oxygen levels rose to support animal life and ventilate the deep oceans 
(Pierrehumbert et al. 2011). NOE is linked to the biogeochemical carbon cycle. High δ13C 
values indicate increased organic carbon burial at c. 800 Ma. The global record of 
extremely negative δ13C values after about 580 Ma suggests the oxidation of a huge 
dissolved organic carbon (DOC) reservoir, which happened at the same time with the 
abrupt diversification of Ediacaran macrobiota (c. 550 Ma). (Och and Shields-Zhou 
2012). 
This thesis represents a study of sedimentary carbonate rocks in South-East Kenya, 
especially in the Taita Hills area. A lithological map by Horkel et al. (1979) has given the 
necessary background data to focus the study on the sedimentary carbonate rocks in the 
Taita Hills area. The lithological map presents numerous sedimentary carbonate rock 
layers, which are the main interest in this study. The aim of the study is to investigate the 
geochemical and stable isotope characteristics of the sedimentary carbonate rocks in the 
area. Their position on the global carbon isotope curve may shed light on the timing of 
their deposition. 
Some earlier studies have been done in the southern Kenya, mainly on structural geology 
of the region. In this thesis, the focus is on sedimentary carbonate rocks. Samples have 
been collected from different sedimentary carbonate rock layers based on the lithological 
map. These rock samples have been then examined in the laboratory: sample selection 
was chosen to be as comprehensive as possible to represent the study area. The rock 
samples are analyzed for the concentrations of trace and main elements: iron (Fe), 
strontium (Sr), manganese (Mn), magnesium (Mg) and calcium (Ca). For example, 
Mg/Ca ratio reflects the dolomite/calcite ratio of the samples. Mn/Sr ratio, in turn, is a 
good indicator for finding out how diagenesis/dolomitization and metamorphosis has 
affected to carbonate rock samples during these processes.  
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Besides geochemical analyses, the sedimentary carbonate rock samples were analyzed 
for the isotopic composition of carbon and oxygen. The isotopes of carbon and oxygen 
are natural, stable isotopes, which often are called environmental isotopes. Analyses 
reveal how the carbon isotope composition varies in sedimentary carbonate beds in the 
Taita Hills area, and the values can be compared to the global carbon isotope records.  
 
1.1 Sedimentary carbonate rocks 
 
Carbonate rocks are a class of sedimentary rocks composed primarily of carbonate 
minerals. Carbonate minerals are dominated by a carbonate ion (CO3
2−) combined with 
cations like Ca2+, Mg2+, Fe2+, Mn2+, and Zn2+ with closely similar ionic radii (Graf 1960). 
The most common carbonates are those formed by Ca, Mg, and a combination of these 
two elements (Swart 2015). Limestone is composed of calcite or aragonite (CaCO3) and 
dolostone is composed of dolomite (CaMg(CO3)2). 
Limestone generally forms in warm, shallow marine waters. Limestone is usually formed 
of calcareous fragments of marine organisms such as shells and corals, but there are also 
chemically precipitated sedimentary carbonates. 
Inorganic carbon ends up from the atmosphere to the oceans through carbon exchange 
and reacts with sea water. Carbon in seawater controls pH in the ocean and either makes 
ocean source or sink for carbon. Carbon dioxide, CO2, in seawater is part in a series of 
reactions which are locally in equilibrium (Hoefs 1997): 
CO2 (aq) + H2O ⇌ H2CO3       (1) 
H2CO3 ⇌ H+ + HCO3−     (2) 
HCO3
− ⇌ H+ + CO32−    (3) 
Carbon dioxide (CO2) from atmosphere dissolves into waters and forms carbonic acid 
(H2CO3) (1). Carbonic acid reacts further and dissociates into bicarbonate (HCO
3− ) and 
hydrogen (H+) (2). Reaction continues when bicarbonate dissociates to the carbonate ion 
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(CO3
2−) and hydrogen (3). The carbonate ion can form minerals with different cations, 
and with Ca2+ ion it forms calcite and aragonite (Hoefs 1997):  
        Ca2+ + CO3
2-  CaCO3                             (4) 
Dolomite does not form straight through precipitation (Hoefs 1997). Originally dolomite 
rocks are calcite/aragonite limestones and becomes dolomite later through dolomitization. 
Dolomitization is a diagenetic process where dolomite is formed when magnesium ions 
replace calcium ions in calcite/aragonite. This process is described by the stoichiometric 
equation: 
             2 CaCO3 + Mg
2+ ↔ CaMg(CO3)2 + Ca2+     (5) 
Dolomitization requires a magnesium-rich water to happen, and tropical marine 
environments might be the best sources to form dolomite. Only a few sedimentary rocks 
go through a same kind of mineralogical change after deposition as dolomite. 
Metacarbonate rocks are metamorphosed limestones and dolostones, in which the 
carbonate component is a main mineral. Marbles are nearly pure carbonate rocks with 
>50% carbonate. In metamorphism, primary sedimentary structures and textures of 
original carbonates are destroyed. In Taita Hills area the rocks are named marbles by 
Horkel et al. (1979) in the lithological maps, what is consistent with collected samples 
which has developed coarse grained calcite and dolomite crystals.  
Carbonate rocks are usually light coloured. White color indicates very pure limestone or 
dolomite protolith. Other possible colours of carbonate rocks are grey, dark grey, 
yellowish, greenish, bluish and sometimes even black. Metamorphic carbonate rocks may 
contain other minerals as impurities, including clay minerals, graphite, micas and quartz, 
which were originally present in the sedimentary carbonate rock as grains or layers. These 
impurities have been mobilized and recrystallized by the intense pressure and heat of the 
metamorphism. Carbonate rocks mineral composition may vary, because earlier 
mentioned similar radius with other cations provides a chance to cation substitution. For 
example, iron substitution in carbonate crystal lattice may give a yellow or brownish tint.  
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1.2 Isotopic composition of carbon in sedimentary carbonates 
 
Isotope geochemistry studies the natural variations in the relative abundances of isotopes 
of various elements. The isotope composition is expressed in δ notation, for example 
13C/12C it is δ13C. δ –notation can be defined as: 
     𝛿 =
𝑅𝑥− 𝑅𝑠𝑡𝑑
𝑅𝑠𝑡𝑑
 ∙ 1000                            (6) 
R is the ratio of heavy isotope to light isotope, and for example for carbon isotopes the 
ratio is 13C/12C. Rx is the isotope ratio of the sample and Rstd is the ratio of the standard. 
For carbonates the standard is Vienna Pee Dee Belemnite (VPDB), which is originally 
based on the isotope composition of a fossil belemnite from the Cretaceous Bee Dee 
formation in South Carolina. The δ-value is reported in per mil, ‰, deviation from that 
of the standard (Boggs 2009). 
Stable isotope geochemistry is largely concerned with isotopic variations arising from 
mass-dependent isotope fractionation. Isotopic fractionation in the natural environment 
can be measured by isotope analysis, using isotope-ratio mass spectrometry, to separate 
different element isotopes based on their mass-to-charge ratio. 
Stable isotopes partitioning between two substances A and B can be expressed using the 
isotopic fractionation factor: 
𝛼𝐴−𝐵 =  
𝑅𝐴
𝑅𝐵
                                                 (7) 
where R is the ratio of the heavy to light isotope (e.g., 13C/12C or 18O/16O). Values for 
alpha is close to 1. Fractionation depends on temperature and reaction rate (Morse and 
Mackenzie 1990). 
In carbonate geochemistry, the most important stable isotopes are oxygen and carbon. 
There is temperature dependence of the oxygen isotope fractionation between carbonate 
and water, and it has therefore been proposed that the isotopic composition of carbonates 
could be used as a paleothermometer. Oxygen isotopes are very well studied isotopes in 
carbonate mineral systems. Oxygen isotopes are measured as a ratio of 18O/16O and given 
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as δ18O values. For studying the oxygen isotopes in carbonates, it is common to report the 
δ18O values against the same standard as that used for the carbon isotopes, namely VPDB. 
It is composed of calcite and many limestones have isotopic ratios close to it. 
Oxygen isotope fractionation in carbonate minerals has been studied, and in dolomites 
the δ18O values are 3 to 6‰ heavier than those in calcite at a temperature of 25oC (Morse 
and Mackenzie 1990, Swart 2015). Highly negative δ18O values indicate fluid-rock 
alteration during metamorphism and diagenesis (Madhavaraju et al. 2013). The isotopic 
composition of oxygen is more prone to diagenetic alteration than that for carbon, due to 
temperature-related fractionation and mass balance in hydrous fluids (Morse and 
Mackenzie 1990). 
Unlike the δ18O there is only a small temperature effect in the fractionation of carbon 
isotopes. Indirectly temperature affects carbon isotope composition through the CO2 
solubility into the sea water. δ13C mainly reflects the ocean productivity, ocean circulation 
and relative storage of carbon in organic and inorganic reservoirs on earth (Maslin and 
Swann 2006).  
The δ13C and δ18O of carbonates reflect the local temperature and the chemical and 
isotopic composition of the water in carbonate precipitation. Diagenesis, metamorphism 
and weathering processes may affect the primary isotope values of carbonate (Gordoni et 
al. 1998). Isotope fractionation is associated equilibrium reactions mentioned earlier 
(Equations 1 – 4), where carbon dioxide dissolves into water and forms bicarbonate and 
carbonate ions until equilibrium is reached. Carbon isotope fractionation between 
carbonate species depends only on temperature. The largest fractionation happens 
between dissolved CO2 and bicarbonate (Hoefs 1997).  
The two main terrestrial carbon reservoirs are sedimentary carbonates and the biogenic 
organic matter. These two are characterized by different carbon isotopic compositions. In 
carbonate rocks the mean δ13C value is around 0 – 1 ‰. Organic biogenic carbon prefers 
the lighter 12C and its mean δ13C value is around -23 – -25 ‰ (Hoefs 1997, Anderson and 
Arthur, 1983). The relation between inorganic and organic carbon in carbon burial can be 
expressed by an isotope mass balance equation: 
δ13Cinput = ƒorg δ13Corg + (1 - ƒorg) δ13Ccarb                        (8) 
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ƒorg is a fraction of carbon entering the sediments as organic carbon. If the δ13Cinput 
remains constant, the value for δ13Ccarb is determined by forg and δ13Corg (Hoefs 1997). 
The δ13Cinput value can estimated by using the isotopic composition of mantle carbon, 
which has a δ13C value of -5 ‰. This is also the global average isotopic composition for 
the crustal carbon (Anderson and Arthur, 1983).  
 
Fig 1. δ13C values for carbon reservoirs according to Hoefs (1997). 
The 13C/12C ratio of carbonates is affected by the burial fraction of organic carbon. An 
increase in primary productivity causes a corresponding rise in the δ13C values of 
carbonate as more 12C is locked up in plants. This isotope ratio is an isotopic signature, 
which can be compared to well-known δ13C values for the carbonate carbon reservoir 
(Fig. 1) In general, the δ13C for marine sedimentary carbonates has varied from +1 to -5 
‰ (Hoefs 1997). 
In the Neoproterozoic era, the δ13C values in carbonates have varied widely, from -12 to 
10 ‰ (Kaufman and Knoll 1995). Negative carbon isotope excursions were associated 
with global glaciations, and positive carbon isotope signatures have been related to 
warmer climates. Under warm climate, more 12C is trapped into vegetation and the oceans 
have been enriched relative to 13C. 
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Diagenesis, dolomitization or metamorphosis may affect the primary carbon isotope 
composition of carbonate. In alteration, the isotopic composition is affected by the 
composition of the protolith, the temperature of alteration and isotopic exchange with 
fluids (Gordoni et al. 1998). Mn/Sr ratio has been used as an indicator for diagenetic or 
metamorphic alteration. The contents of manganese are low in ocean water but high in 
diagenetic and metamorphic waters. In an alteration process, carbonates generally loose 
strontium and gain manganese. Kaufman and Knoll (1995) claim that a Mn/Sr ratio of 
<10 indicates very little diagenetic alteration and the primary δ13C values probably are 
well preserved. 
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2. GEOLOGICAL SETTING 
 
2.1 Geological history of East Africa 
 
When thinking the geological history of Kenya, the Pan-African orogeny and the East 
African orogen are significant plate tectonic events in shaping the landscape of Kenya. 
The Pan-African orogeny was a series of major Neoproterozoic orogenic events 650 – 
480 Ma ago (Emmel et al. 2008, Kröner & Stern 2004). During the Pan-African orogeny, 
numerous mobile belts were formed and surrounded by older cratons. Evidence for the 
Pan-African orogen can be found from almost every continent on Earth, which is an 
indication of a massive, global orogenic process (Kröner & Stern 2004). 
The Pan-African orogeny is the final part of the orogenic cycle at 870–550 Ma (Kröner 
& Stern 2004, Rogers and Santosh 2003). Pan-African orogeny is in a global scale so 
large event that it cannot be regarded as a single orogeny but rather a series of orogenic 
events (Kröner & Stern 2004). The last Pan-African event culminated in the formation of 
the Late Neoproterozoic supercontinent Gondwana, which required multiple closures of 
oceans (Kröner & Stern 2004, Fritz et al. 2013). 
East African orogeny is a Neoproterozoic orogenic belt, which forms part of the Pan-
African orogen belt series (Kröner & Stern 2004). The East African orogen can be 
subdivided into two parts: the Arabian–Nubian Shield (ANS) in the north and the 
Mozambique Belt (MB) in the south (Fig 2) (Fritz et al. 2013). 
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Fig 2. East African orogeny can be divided into the Arabian-Nubian Shield and the Mozambique Belt, which 
are located in the West Gondwana (South America and Africa) and the East Gondwana (India, East 
Antarctica and Australia) collision zone (shown by a dotted line) according to Rogers and Santosh (2003). 
East African orogen shaped the geology of eastern Africa between the break-up of the 
Rodinia supercontinent and the collision of East and West Gondwana continents to form 
the supercontinent Gondwana (Fritz et al. 2013). The East African Orogen extends from 
Arabia through eastern Africa into Antarctica, and it is the biggest Neoproterozoic to 
Cambrian orogenic complex with an approximate length of 6000 km (Emmel et al. 2008, 
Fritz et al. 2013). The orogeny between the East and West Gondwana continents closed 
a huge ocean basin, called as the Mozambique Ocean (Emmel et al 2008, Stern 2002).  
The Mozambique Ocean formed when Rodinia supercontinent broke apart 900 – 700 Ma 
ago and started closing when the Gondwana supercontinent began to form. The closure 
of the Mozambique Ocean happened between the Tanzanian-Congo craton and the 
Madagascar-India craton and formed the East African orogen around 700 – 580 Ma ago 
(Grantham et al. 2003). The Mozambique Belt provides evidence for the Mozambique 
Ocean opening and closure (Cutten 2002). Cutten et al. (2006) has dated Neoproterozoic 
metasedimentary rocks from the Mozambique belt to indicate that the Mozambique 
Ocean closure may have occurred as late as 585 to 550 Ma ago.  
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2.1.1 The Mozambique Belt 
 
The Mozambique Belt extends from East Antarctica through East Africa up to the north 
into the Arabian-Nubian Shield (Bauernhofer et al. 2008). The Mozambique Belt is 
formed as a suture between plates during the Pan-African orogeny (Meert 2003). This 
belt represents a continent-continent collision zone where the East and the West 
Gondwana collided and shows changes in lithology, and in metamorphism and tectonic 
patterns (Bauernhofer et al. 2008). Figure 3 shows the simplified presentation of events 
from Rodinia to the Gondwana supercontinent.  
 
Fig 3. During the Rodinia supercontinent break-up the Mozambique ocean started to form at 900 – 750 Ma. 
The closure of the Mozambique Ocean happened when Gondwana supercontinent started to form at 700 – 
500 Ma and formed the East African orogen (EAO). The southern part of the EAO, the Mozambique Belt, 
formed as a suture zone between East Gondwana (E.G) and West Gondwana (W.G) (Stern 1994, Kröner 
and Stern 2005). 
Several studies for dating the Mozambique Belt have been done earlier. The dates 
obtained show large variation. In Kenya, high-grade metamorphic rocks are met 
abundantly, but they are not very well dated. This means that in Kenya the existing dates 
for the Mozambique belt and the collisional history may not be the whole truth (Meert 
2003). The Mozambique belt has been dated to 715 – 845 Ma by the Rb-Sr method 
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(Nyamai et al. 2003). Also, Frisch and Pohl (1986) got an Rb-Sr errorchron of 827 ± 55 
Ma for the East and West Gondwana continent-continent collision. Although this date 
may not be very reliable, it fits to the Mozambique Belt age (715–845 Ma) given by 
Nyamai et al. (2003).  
After the main metamorphic event at about 700 – 800 Ma ago, there have been 
tectonothermal events, which represent post-collisional events (Meert 2003). K-Ar 
method from biotite has yielded ages 489 – 528 Ma, and granites have been dated to 540 
Ma (Frisch & Pohl 1986). The East African orogeny happened in the Mozambique Belt 
at 655 – 620 Ma ago (Fritz et al. 2013). The P/T conditions have been obtained from 
various minerals with values from 5.5 to 7.1 kbars and temperatures from 500 to 700 °C 
(Nyamai et al. 2003). The Mozambique Belt rocks have been exposed to regional 
Barrowian-type medium to high-grade metamorphism with migmatization and anatexis 
(Pohl and Horkel, 1980).  
In Kenya, the Mozambique Belt is exposed in four major segments. Taita Hills is located 
in the Eastern Mozambique Belt Segment (EMBS). The locations of the segments are 
shown in Figure 4 (Nyamai et al. 2003).  
The Eastern Mozambique Belt is divided into three sub segments, which are named I, II, 
III (Nyamai et al. 2003). The northern subarea is I, and the southern subarea is III. Taita 
Hills is located in the southern sub-area III of the EMBS.  
The Northern sub-area I is in the Samburu-Marsabit area. The main geological features 
of this area are basal migmatites overlain by metasediments (banded gneisses), and 
continental clastic units (meta-arkoses, meta-quartzites and manganiferous sandstones) 
(Nyamai et al. 2003). These metasediments are overlain by metapelites, vanadiferous 
graphitic gneisses and sedimentary carbonate sequences (Nyamai et al. 2003). Also, 
ophiolitic rocks are found in the Samburu-Marsabit and the Baragoi areas (Shüter 2008).  
Key et al. (1989) have dated rocks in the sub-area I and got an age of ~1200 Ma for the 
basal migmatites. There also is evidence of a tectonic event where the first plate collision 
resulted in a tectono-thermal event in the amphibolite-granulite facies at ~820 Ma (Key 
et al. 1989). This caused major folds and thrusting in the basement, the meta-sedimentary 
cover, and in the ophiolitic complexes (Nyamai et al. 2003). Next there was a post-
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collisional greenschist-amphibolite facies deformation at about 620 – 570 Ma. The final 
uplift and cooling of the area has been dated to about 500 – 480 Ma (Key et al. 1989).  
 
Fig 4. Map shows the locations of four major Mozambique Belt segments: The North-Eastern Segment 
(NEMBS), North-West Segment (NWMBS), South-West Segment (SWMBS) and Eastern Mozambique Belt 
Segment (EMBS) which is divided to three subareas, I, II, and III. (Nyamai et al. 2003). 
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The ophiolitic rocks in the sub-area I, are a mafic and ultramafic rocks, whose 
composition has gone through high grade metamorphism and strong deformation 
(Nyamai et al. 2003). The Siambu complex of the Samburu-Marsabit area is one of the 
ophiolitic complexes where these high-grade rocks can be found (Nyamai et al. 2003). 
The Baragoi Ophiolite lies in the interface between the Mozambique Belt and the 
Tanzania Craton (Grantham et al. 2003). It contains metamorphosed mantle derived 
dunites and sheeted dykes (Nyamai et al. 2003). Trace elements represent transition 
between mid-ocean ridge basalts and island-arc tholeiites (Nyamai et al. 2003). 
In the central sub-area II the geology differs quite a bit from the sub-area I. Sub-area II is 
mainly composed of mica (biotite, muscovite), hornblende schists, and gneisses with 
almandine garnet, kyanite, sillimanite and staurolite. Geochemical studies reveal volcanic 
arc affinities, where the affinity ranges from volcanic arc – calc-alkaline volcanic arc- to 
within plate volcanic setting (Nyamai et al. 2003).  
The southern sub-area III is in the SE Kenya, north-east from Mount Kilimanjaro. Our 
study area is in this sub-area, which is characterized with many hills rising from the low 
lands of the Taita-Taveta and Kajiado districts. Taita Hills is one of these hills in the 
Taita-Taveta area. The geology of this sub-area III is similar than sub-area I, containing 
marbles, quartzites, migmatites, pelitic schists and gneisses. The sub-area III is divided 
into Kurase and Kasigau groups (Nyamai et al. 2003).  
 
2.2 Geology of Taita Hills 
 
The Taita Hills area lies in the latitude 3°25´ S and longitude 38°20´ E. It is part of the 
Taita-Taveta district in South-Eastern Kenya (Coast Province). It covers an area of 1000 
km2 and its topography ranges from 700 meters to 2208 meters above sea level. The Taita 
Taveta district comprises of two distinct topographical areas: Tsavo Plains, at an altitude 
of 400 in the east to 1000 m.a.s.l. in the west, and the mountainous Taita Hills area at 
1200–2200 m.a.s.l. Figure 5 presents the location of Taita Hills in South-Eastern Kenya.  
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Fig 5. Location of Kenya in Africa and Taita Hills in the South-East Kenya.  
Taita Hills is located in the southern part of the Mozambique Belt. The metamorphic 
rocks in the Taita Hills are composed of a metamorphosed volcano-sedimentary 
sequence, being originally arkoses, greywackes, limestones, shales, sandstones and 
volcanic basic lava flows, sills and tuffaceous layers (Horkel et al. 1979). Metamorphic 
rocks in the area are divided into two litho-stratigraphic units: the Kasigau group and the 
Kurase group (see Figure 6) (Pohl and Horkel 1980).  
 
Fig 6. Kurase and Kasigau groups in the Mozambique Belt, South East Kenya. UM stands for ultramafic 
rocks. Modified from Warden and Horkel (1984). 
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Metasediments in the Kurase and Kasigau groups shows facies change from shallow 
water shelf sediments into a deeper water sediments (Nyamai et al. 2003). The Kurase 
group is a shelf sequence, which is tectonically overlain by the Kasigau group. The 
Kasigau group is presumed to be a down warped basin assemblage which is formed near 
the continental margin (Fritz et al. 2013). Foliations in the Kurase and Kasigau groups 
usually dip gently (<20o) to the NNE (Bauernhofer et al. 2008). These two groups are 
separated by an ophiolitic suture, the Voi Suture Zone (Pohl and Horkel, 1980). The Voi 
suture contains mafic and ultramafic rocks (Fritz et al. 2013).  
Pohl and Horkel (1980) appraises that facies transition between the Kurase and Kasigau 
group is approximately time equivalent and the contact between these groups is probably 
concordant. The suturing event is dated to between 850 Ma and 620 Ma. At 850 Ma, 
magmatic rocks were emplaced to the Kasigau group and at 650 – 620 Ma both the Kurase 
and the Kasigau groups were affected by granulite facies metamorphism. This happened 
at about the same time as the southwestward thrusting of the Kasigau group over the 
Kurase group (Fritz et al. 2013). The metamorphism was of Barrovian type, in medium 
to high grade conditions. Due to Pan-African tectonism at about 550 Ma, there was 
widespread resetting of radiometric ages (Pohl and Horkel, 1980, Nyamai et al. 2003). 
 
2.2.1 Kasigau group 
 
The Kasigau group is tectonically overlying the Kurase group and represents an 
eugeosynclinal facies (Nyamai et al. 2003). The Kasigau group is dominated by 
greywackes, which have been metamorphosed to quartz-feldsparbiotite-hornblende 
gneisses, and epidote amphibolites and has only little sedimentary carbonate rocks. The 
thickness of this unit is 3 500 meters. The Kasigau group has a monotonous lithology 
compared to the Kurase group. The deformation pattern of the Kasigau group differs from 
that of the Kurase group: in the Kasigau group there are open folds, but in the Kurase 
group there are also isoclinal overturned folds. Ages for the Kasigau group have been 
obtained from feldspar porphyroblasts, K/Ar analyses yielding ages of 490 ± 25 Ma and 
425 ± 25 Ma (Horkel et al. 1979), but these ages more likely represent reset ages from 
the Pan-African orogeny. 
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2.2.2 Kurase group 
 
The Kurase group is 2 400 meters thick (Horkel et al. 1979). The Kurase group is 
characterized by sedimentary carbonate layers and various biotite-hornblende, kyanite, 
graphite and garnet gneisses. Lithology of the Kurase group is more complex than that of 
the Kasigau group. Nyamai et al. (2003) describes the Kurase group lithology 
miogeosynclinal, which comprises such as marble, quartzite, graphite, sillimanite, 
Kyanite-gneiss, schists, biotite-hornblende gneiss and amphibolite. 
The Kurase group is divided into three formations: the Mugeno formation, the Mwatate 
formation and the Mgama-Mindi formation. The Mugeno formation is at the top of the 
Kurase group and extends from the boundary of the Kasigau group to the bottom of a 
continuous carbonate layer horizon. The Mugeno formation in characterized by 
sedimentary carbonates and various biotite-gneisses, which are common in the Kurase 
group. Sedimentary carbonate bands dominate this formation. They have thicknesses of 
several tens of meters and are intercalated with thin bands of biotite gneiss as well as 
sillimanite, kyanite, garnet and graphite gneiss (Horkel et al. 1979). 
The Mwatate formation underlies the Mugeno formation and consists mainly of banded 
migmatitic biotite gneisses. It also contains minor bands of sedimentary carbonates, 
plagioclase amphibolite, quartz feldspar gneisses and graphite gneisses (Horkel et al. 
1979).  
The Mgama-Mindi formation is the lowermost unit of the lithological sequence in the 
Taita Hills area. Mgama-Mindi formation is characterized by sedimentary carbonate 
rocks and various biotite and graphite gneisses (Horkel et al. 1979). 
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Table 1. Main characteristics of Taita Hills and areas in the East side Taita Hills by Bauernhofer et al. (2008).  
 
Region Lithology Structural characteristics Metamorphism 
Taita Hills 
Kurase group (metasediments, volcanics and sedimentary 
carbonate rocks) 
Kasigau group (subduction-derived metabasic rocks, 
quartz-feldspar-biotite-hornblende-gneisses) 
Small mafic to ultramafic ophiolites 
Tight to isoclinal and westward 
overturned folds 
Granulite - amphibolite facies 
South of Taita Hills 
Sedimentary carbonate rocks, schists and biotite- and 
graphite gneisses 
West-verging and ENE dipping (15–
35o) overturned fold pattern 
Amphibolite facies grade, alkali 
metasomatism, granitization 
South-East of Taita 
Hills (Kasigau & 
Kurase towns) 
Kurase group (quartz-rich kyanite and graphite bearing 
pelitic gneisses, sedimentary carbonate rocks) 
Kasigau group (quartz-feldspar-biotite-hornblende-
gneisses) 
Recumbent to overturned folds with 
NNE dipping axes, E dipping foliations 
(~30o), open folds 
Amphibolite to granulite facies, 
alkali metasomatism and 
migmatization 
North-East & East 
of Taita Hills (Voi-
South Yatta Area) 
Duruma Sandstones (upper Paleozoic) Precambrian: 
Sobo formation (garnet bearing granulites and schists, 
hornblende gneisses, garnet amphibolites, quartzites and 
metasedimentary carbonates)  
Lugard’s Falls belt (banded migmatitic biotite-hornblende 
gneisses and pegmatites) 
Strongly cleaved, veined and jointed (NS-
NNW trend) 
Granulite - amphibolite facies 
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2.3 Geology of the surrounding areas 
 
By examining the lithological maps from surrounding areas of the Taita Hills area, it is 
obvious that the sedimentary carbonate layers form part of a bigger carbonate unit. 
Especially in the Tsavo National Park to the NE from Taita Hills there are many carbonate 
bands showing a similar NW – SW orientation. Table 1 represents the main features of 
the surrounding geology of the Taita Hills area by Bauernhofer et al. (2008). 
The Voi-South Yatta area is located to the East and North-East from Taita Hills. It 
contains isoclinally folded graphitic, hornblende/hornblende-garnet gneisses and 
sedimentary carbonate units. Three distinct units have been observed: the Sobo formation 
and the Lugard’s Falls belt (also called the Galana River shear zone) contain similar 
sedimentary carbonate bands than those in the Taita Hills area. These two formations are 
separated by a tectonic contact. There is a possible correlation between the Kurase group 
and the Sobo formation. The Sobo formation has a faulted contact to the overlying 
Duruma Sandstone formation, which includes arkoses, sandstones, shales and limestones 
(Bauernhofer et al. 2008).  
Underlying the formations in the Voi-South Yatta area are rocks of the Kasigau group 
and the Kurase group. On lithological maps, the sedimentary carbonate units continue 
from Taita Hills to the South-East direction all the way to the Tanzanian border. 
To the South of Taita Hills the sedimentary carbonate rock and gneisses show a west 
verging and ENE dipping fold pattern. Fold axes plunge to the North and due to 
overthrusting from the north. Deformation is similar to that in the Taita Hills area 
(Bauernhofer et al. 2008). 
 
 
 
 
 
23 
 
3. MATERIALS AND METHODS 
 
3.1 Sampling process and the study area 
 
Before starting the sample collection, it was important to make a plan for the sampling 
process. By studying the geological maps from the 1960’s and 1970’s, it was easier to see 
the context of the main study area and the surroundings. As a starting point for the study, 
a total of nine lithological maps from South-East Kenya were available. Figure 8 shows 
the location of the Taita Hills map and how the five other lithological maps containing 
sedimentary carbonate rocks relate to it. 
 
Fig 7. Geological map sheets from South Kenya, which were available for sample collection. In pink the main 
Taita Hills map, in blue the ones with carbonate rocks and light pink those without carbonate rocks. 
 
The goal in the sampling was to get sample cross-sections through the sedimentary 
carbonate layers. Isotope variations in the same sedimentary carbonate layer would 
indicate changed environmental conditions during the precipitations. Collecting samples 
was planned to start from the Taita Hills area and then continue to the surrounding areas 
with recorded sedimentary carbonate rocks. It was impossible to make strict plans for 
sampling due to the uncertainties in the availability of outcrops. Soil and vegetation is 
thick in many forestry parts in Taita Hills and other areas. Also, weathering is strong near 
the equator due to the climate. Figure 8 represents a collage of the maps 1-4 and Taita 
Hills presented in Fig. 7. 
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Fig. 8. A redrawn map combined from the maps 1-4 of Figure 7 and the Taita Hills map by Horkel at al. 
(1979), Saggerson E.P. (1962), Sanders L.D. (1962) and Walsh J. (1960). 
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Fig 9. Sampling sites of samples 7 (A) and 22 (B) at Taita Hills. The sedimentary carbonate layers have a 
gentle dip of ~20°. Rock hammer is 70cm long.  
A 
B 
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Exposed sedimentary carbonate outcrops were located by GPS and the lithological maps 
by Horkel at al. (1979), Walsh J. (1960), Saggerson E.P. (1962), and Sanders L.D. (1962).  
The dip and the direction of layering was measured on outcrops. Typically, the thickness 
of the carbonate rock layers varied from a few meters to 20 meters. 
 
3.2 Samples 
 
68 marble samples were collected from the Taita Hills area. Mainly samples are from 
Taita Hills, but some of the samples are East-, South East and South West from Taita 
Hills. All collected samples are described in the Table 2. The locations of the sample sites 
are shown in Figure 10 and the sample site coordinates are listed in the Appendix A. 
The colour of the marble samples varied from white, light grey, grey, dark grey, yellowish 
to bluish/greenish colours. Some of the samples are shown in the Figure 11. By 
appearance, the carbonate samples could not be identified as calcite or dolomite. Horkel 
et al. (1979) mentions that the sedimentary carbonate rocks in the Taita Hills area are 
mainly dolomite. 
Different colours form as a result of impurities in the carbonate minerals. Several samples 
contain clearly visible graphite flakes between and within metamorphosed carbonate 
grains. Locally, the carbonate layers were observed to contain chert nodules (samples 8 
and 15), pyrite and siderite. Some samples contained small orange grains, possibly related 
to iron-bearing impurities.  
Commonly, hammering the carbonate rock produced a smell of hydrogen sulfide, 
possibly due to H2S bearing fluid inclusions. The grainsize of the carbonate rocks varied 
from fine to coarse grained. Most commonly, the carbonate rocks were coarse grained 
marbles. 
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Fig 10. Lithological map of the study area between 38o2 – 38o8 E and 3o3 – 4o0 S. Yellow dots represent 
the sampling points. 
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Fig 11. Variation in the color and grain size of the carbonate rock samples. Dark crystals in samples 10, 11, 
29, 44 and 46 are graphite. 
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Table 2. Sample descriptions. L = schistosity and K = bedding. 
Sample number Color Grainsize Dip dir/dip Layer thickness Other notions 
1-NM-15 White ≤0,5cm K = 340/15 4m Yellow dots 
2-NM-15 White ≤0,5cm L = 0/20 3m  
3-NM-15 Light grey ≤0,5cm K = 285/30 10m Graphite 
4-NM-15 Light grey ≤0,5cm  10m Graphite, H2S smell 
5-NM-15 Light grey ≤0,5cm   <1m Graphite 
6-NM-15 Light grey 0,6-1cm K = 340/20 >15m Graphite, H2S smell 
7-NM-15 Greyish white 0,6-1cm K = 347/15 3m Graphite 
8-NM-15 Yellowish Grey ≥1cm  2.4m Graphite 
9-NM-15A Yellowish Grey ≥1cm  10m Graphite 
9-NM-15B Yellowish Grey ≥1cm K = 0/10 10m Graphite 
10-NM-15 Greyish white ≥1cm K = 340/10 >10m Graphite 
11-NM-15 Grey ≤0,5cm K = 330/20 <1m Graphite 
12-NM-15 White 0,6-1cm  8m  
13-NM-15A White ≥1cm    
13-NM-15B White ≤0,5cm L = 320/20   
13-NM-15C White 0,6-1cm   Yellow dots 
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13-NM-15D Grey ≤0,5cm   Yellow dots 
14-NM-15 Grey ≤0,5cm K = 320/20 3m  
15-NM-15A Striped: White/Grey 0,6-1cm K = 75/45 2m Graphite in grey area 
15-NM-15B Grey ≤0,5cm  <1m Graphite 
15-NM-15C White ≤0,5cm  2m Graphite 
15-NM-15D Greyish white ≤0,5cm K = 71/49 3m Graphite 
15-NM-15E White ≤0,5cm K = 78/40 2m Graphite 
16-NM-15 Yellowish Grey ≤0,5cm L = 51/40 <1m Graphite 
17-NM-15A Yellowish Grey ≤0,5cm L = 124/40 2m  
17-NM-15B Greyish white ≤0,5cm  2m Yellow dots 
17-NM-15C Striped: White/Grey ≤0,5cm K = 0/50 1m Graphite 
18-NM-15 Grey ≤0,5cm L = 275/85 2m  
19-NM-15 Greyish white ≤0,5cm L = 330/20 4m Very finegrained layer 
20-NM-15 Greyish white ≤0,5cm L = 55/30 10m  
21-NM-15 Greyish white ≤0,5cm L = 55/20 >10m Strong H2S smell 
22-NM-15 White ≤0,5cm L= 85/60 3m  
23-NM-15A Light grey ≤0,5cm K = 280/30 1m Graphite, biotite and other impurities 
23-NM-15B Light grey ≤0,5cm  2m Striped 
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24-NM-15A Greyish white ≤0,5cm  1m Graphite 
24-NM-15B Grey ≤0,5cm L = 110/90 2m 
Graphite. Very finegrained sample, 
H2S smell 
24-NM-15C Grey ≤0,5cm L = 70/45 2m Graphite, H2S smell 
24-NM-15D Grey ≤0,5cm L = 26/45 1m Graphite, H2S smell 
25-NM-15 Dark Grey ≤0,5cm L = 40/30 3m Graphite, H2S smell 
26-NM-15 Greyish white ≤0,5cm L = 290/30 2m Mild H2S smell 
27-NM-15A Striped: White/Grey ≤0,5cm L = 325/55 1m  
27-NM-15B Yellowish Grey ≤0,5cm L = 325/20 1m  
27-NM-15C Greyish white ≤0,5cm L = 0/30 2m  
27-NM-15D Greyish white ≤0,5cm L = 295/36 1m  
28-NM-15 Light grey ≤0,5cm  >10m Mild H2S smell, Graphite 
29-NM-15A Striped: Grey/Dark grey ≤0,5cm K = 0/10 4m Mild H2S smell 
29-NM-15B Striped: Grey/Dark grey ≤0,5cm L = 285/30 4m Mild H2S smell 
30-NM-15 Light grey ≤0,5cm K = 295/25 3m Strong H2S smell, Graphite 
31-NM-15 White 0,6-1cm  3m  
32-NM-15 Striped: White/Grey ≤0,5cm  4m Graphite, H2S smell 
33-NM-15 White 0,6-1cm  2m  
34-NM-15 White 0,6-1cm  2m Yellow dots 
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35-NM-15 White ≤0,5cm  2m  
36-NM-15 White ≤0,5cm L = 20/25 1m Yellow dots 
37-NM-15 White ≤0,5cm  3m  
38-NM-15 Grey ≤0,5cm L = 55/25 1m  
39-NM-15 White ≤0,5cm  4m Orange dots, Graphite 
40-NM-15 White ≤0,5cm L = 45/35 3m Yellowish stripes 
41-NM-15 White 0,6-1cm L = 295/15 2m Yellow dots 
42-NM-15A White 0,6-1cm L = 20/45 3m  
42-NM-15B White >1cm  3m Bluish color 
43-NM-15 Striped: White/Grey 0,6-1cm L = 110/70 2m  
44-NM-15 Grey ≤0,5cm L = 35/70 5m Graphite, H2S smell 
45-NM-15 White 0,6-1cm L = 40/60 3m  
46-NM-15 Striped: Grey/Dark grey ≤0,5cm L = 30/15 1m Graphite 
47-NM-15 Greyish white 0,6-1cm L = 55/50 1m  
48-NM-15 Grey ≤0,5cm L = 20/25 2m Graphite 
49-NM-15 Light grey 0,6-1cm L = 80/27 3m Graphite, mild H2S smell 
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3.3 Analytical methods 
 
A total of 48 samples out of 68 were selected for chemical analysis. Selection was made 
based on the sample location and the appearance of the hand sample. The selected samples 
contained various mineral impurities and showed variable coloration and grain size.  
The concentrations of iron (Fe), strontium (Sr), manganese (Mn), magnesium (Mg) and 
calcium (Ca) were analyzed by a Microwave Plasma - Atomic Emission Spectrometry 
(MP-AES) using an Agilent 4100 instrument.  
 
 
3.3.1 MP-AES 
 
Ca. 10 milligrams of sample powder was dissolved using 0.5 M acetic acid (5ml) for 16 
hours at room temperature. Samples were centrifuged to separate insoluble particles from 
the solution and a 1 ml aliquot of the solution was pipetted to a 50 ml tube. 5 ml of strong 
nitric acid and 0.5 ml 10% cesium ionization buffer were added into the tube and filled 
with water to a volume of 50 ml.  
The analytical precision and accuracy were determined using duplicates and carbonatite 
reference materials (SARM 40 and COQ-1). Known contents of Ca, Mg and trace 
elements were applied to calculate yields for the elements in question. In general, the 
yields agreed with the expected results, but the analysis method did not seem to be able 
to dissolve all Fe in both reference materials. In COQ-1 had low yields of Mn and Mg 
and SARM 40 was low in Mg. Table 3 shows the reference material yields.  
The low yields in the reference material analysis can be explained by the properties of the 
reference material. The partial dissolution for carbonatite is not ideal analysis method for 
determining the total composition of a siliceous carbonatite. Silicates will not dissolve 
into the weak acid and therefore the yields remain low in many elements. 
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Table 3. Table of yields for SARM 40 and COQ-1 reference material. 
Yields Ca (%) Mg (ppm) Fe (ppm) Sr (ppm) Mn (ppm) 
Measured value SARM 40-1 36 7016 1811 1673 1403 
Certified value 36 11880 19234 1600 1394 
Yield-% 100.2 59.1 9.4 104.6 100.6 
Measured value SARM 40-2 33 6824 1718 1571 1328 
Certified value 36 11879 19234 1600 1394 
Yield-% 92.3 57.4 8.9 98.2 95.3 
Measured value 
COQ-1-1 
29 781 1441 10619 1569 
Certified value 35 7538 20563 12000 3330 
Yield-% 81.4 10.4 7.0 88.5 47.1 
Measured value COQ-1-2 31 882 1872 11734 1766 
Certified value 35 7538 20563 12000 3330 
Yield-% 88.2 11.7 9.1 97.8 53.0 
 
Compositional results from duplicate samples are presented in Table 4. The data from 
dublicate analyses can be used to estimate the precision of the analyses. Based on 
repeating the dissolution and analysis steps for three samples, the reproducibility of the 
elemental analyses was better than 20% for all elements.  
Table 4. MP-AES duplicate analyses. 
 
Ca (%) Mg (%) Fe (ppm) Sr (ppm) Mn (ppm) 
39-NM-15 19.4 10.9 756 92 85 
R39-NM-152 13.3 7.4 924 78 64 
29-NM-15A 21.6 12.8 390 143 77 
R29-NM-15A2 17.1 9.8 391 117 76 
40-NM-15 22.2 8.6 338 217 462 
R40-NM-152 14.7 5.9 115 157 304 
Reproducibility % 16.8 16.9 19.7 11.5 11.7 
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3.3.2 IRMS 
 
The carbon and oxygen isotope compositions were analyzed using a Thermo Finnigan 
Delta Plus Advantage mass spectrometer operated in a continuous flow mode. The sample 
powder (200-250μg) was reacted with phosphoric acid, and the isotopic composition of 
the liberated CO2 gas was determined. The results were presented using the δ-notation as 
per-mil difference from the VPDB standard. The precision of the δ13C and δ18O values 
were determined using duplicate samples. The precision for the δ13C and δ18O values in 
the analysis was 0.1 for C and 0.2 for O. 
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4. RESULTS 
 
4.1 Main and trace element concentrations 
 
Samples were analyzed for the concentrations of the main components Ca and Mg and 
for the trace components: Fe, Mn and Sr by MP-AES (Table 5). The contents of Mg varied 
between 0 – 14.1%. Results can be divided into two groups, those containing from 0.0 to 
1.4 % and those from 8.6 to 14.1 %. The average concentrations for Mg were 11.17 %. 
The contents of Ca varied from 0.0 to 39.1 %, with an average of 21.7 %.  
Fe concentrations varied from 81 to 3069 ppm, with an average of 618 ppm. Mn varied 
from 5.7 to 533.7 ppm, with an average of 99.8 ppm. Sr concentration were from 42.8 to 
991.4 ppm, with an average of 171.1 ppm. 
The Mg/Ca ratios were from 0.00 to 2.12. Three samples had a Mg/Ca ratio of 0.00 – 0.04 
and those were classified as calcites. Rest of the 44 samples had a Mg/Ca ratio from 0.38 
to 0.61. An average Mg/Ca ratio was 0.56, which is close to stoichiometric dolomite 
(0.61). The Mn/Sr ratios in the samples are between 0.05 – 4.11. Calcites and dolomites 
had no differences in their Mn/Sr values. The average Mn/Sr ratio was 0.72. 
 
Fig 12. Magnesium and calcium plotted against each other, which shows the separate groups for dolomite 
and calcite. Also, two samples which are circled in red, are exceptions and aren’t possibly carbonates at all. 
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Figure 12 shows Mg and Ca plotted agains each other. Sample results clearly fall into two 
groups. Most of the samples have their composition relatively close to that of 
stoichiometric dolomite (Ca=22%, Mg=13%). There are also three calcite samples with 
Ca ranging from 33 – 39% and Mg from 0 – 2%, approaching the stoichiometric 
composition of pure calcite (Ca=40%, Mg=0%). 
Sample 13-NM-15A yielded Ca 0.0 %, Mg 0.0 %, Fe 248.98 ppm, Mn 27.86 ppm and Sr 
42.78 ppm. Based on these data, it is not carbonate, and it was therefore eliminated from 
further analyses.  
Sample 15-NM-15B had a low Fe content (127.52 ppm) and a low calcium content (5.9 
%). The Mg content this sample is higher (12.6 %) than that for Ca resulting in an 
unusually high Mg/Ca ratio of 2.12. It appears to contain mostly silicates, and it was 
therefore excluded from the discussion of the isotope data.  
 
 
4.2 δ13C and δ18O of carbonate 
 
Carbon and oxygen isotopic data are represented in Table 5. The δ13C values vary from -
1.55 to 6.96‰. Three calcitic samples have negative δ13C values. The average δ13C for 
calcite is -1.22‰ and for the dolomite samples the average value is 4.38‰. The δ18O 
values ranged from -0.66 to -10.2‰. The average δ18O value was -4.42‰. For calcite, 
the average δ18O value was -7.82 ‰ and for dolomites the value was -4.12‰. In sample 
11-NM-15 the δ18O value was not obtained, probably the testtube cap had leaked during 
the analysis.  
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Table 5. Elemental compositions and δ13CVPDB and δ18OVPDB values for the carbonate samples. 
Sample Ca (%) Mg (%) Fe (ppm) Mn (ppm) Sr (ppm) Mg/Ca Mn/Sr δ13C δ18O 
2-NM-15 23.0 13.4 1581 85 132 0.58 0.64 2.75 -6.45 
6-NM-15 23.5 12.6 455 285 121 0.54 2.36 3.14 -1.14 
7-NM-15 16.1 8.8 345 207 97 0.54 2.14 2.82 -3.12 
9-NM-15B 20.0 11.6 691 398 167 0.58 2.39 3.24 -2.87 
10-NM-15 20.9 11.9 592 22 121 0.57 0.18 5.65 -3.97 
11-NM-15 24.6 12.1 960 40 128 0.49 0.32 4.2 - 
13-NM-15A 0.0 0.0 245 28 43 0.50 0.65 - - 
13-NM-15B 23.5 12.5 1352 146 284 0.53 0.51 2.89 -7.59 
13-NM-15C 22.4 12.8 864 66 374 0.57 0.18 2.98 -4.32 
13-NM-15D 22.9 12.9 814 51 121 0.57 0.43 4.29 -2.49 
14-NM-15 19.8 11.5 873 95 279 0.58 0.34 3.47 -6.14 
15-NM-15A 21.0 12.0 497 75 135 0.57 0.56 2.44 -8.88 
15-NM-15B 5.9 12.6 128 25 296 2.12 0.08 -1.04 -6.84 
15-NM-15C 21.9 12.7 269 19 126 0.58 0.15 5.45 -3.32 
15-NM-15D 17.1 10.0 245 53 155 0.58 0.34 6.16 -0.66 
15-NM-15E 22.2 13.6 356 13 334 0.62 0.04 4.95 -1.3 
16-NM-15 22.2 11.9 628 330 121 0.54 2.73 3.0 -3.36 
18-NM-15 23.4 12.8 485 534 130 0.55 4.11 2.6 -2.42 
21-NM-15 21.0 12.7 482 20 98 0.61 0.21 6.57 -2.73 
22-NM-15 24.3 14.1 511 32 97 0.58 0.33 6.79 -2.67 
23-NM-15B 22.1 13.2 834 48 102 0.60 0.47 6.96 -4.54 
24-NM-15A 21.1 12.3 311 75 121 0.58 0.62 4.59 -1.92 
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24-NM-15B 19.3 9.9 215 29 89 0.51 0.32 4.17 -4.32 
24-NM-15C 21.1 12.4 200 16 120 0.59 0.13 3.95 -3.64 
24-NM-15D 24.4 10.8 215 16 140 0.44 0.12 3.84 -3.4 
26-NM-15 22.0 12.4 701 45 97 0.56 0.46 5.15 -6.64 
27-NM-15A 20.5 11.8 1340 52 96 0.57 0.55 5.03 -3.26 
27-NM-15B 21.3 12.8 478 15 100 0.60 0.16 5.89 -1.86 
27-NM-15C 20.7 12.4 1054 62 111 0.60 0.55 5.49 -3.33 
27-NM-15D 20.2 11.9 1905 48 110 0.59 0.44 5.02 -4.62 
28-NM-15 22.9 12.6 436 19 122 0.55 0.16 5.38 -4.72 
29-NM-15A 21.6 12.8 390 77 143 0.59 0.54 1.24 -6.68 
30-NM-15 22.0 13.3 3069 119 114 0.60 1.05 3.30 -3.40 
32-NM-15 20.8 12.5 421 144 155 0.60 0.93 5.49 -1.9 
37-NM-15 21.3 12.5 783 33 97 0.59 0.34 4.86 -5.36 
38-NM-15 21.3 12.9 435 6 114 0.61 0.05 5.32 -2.08 
39-NM-15 19.4 10.9 756 85 92 0.56 0.92 3.95 -8.22 
40-NM-15 22.2 8.6 338 462 217 0.39 2.13 3.35 -6.91 
41-NM-15 21.0 12.2 256 67 117 0.58 0.57 4.87 -7.9 
42-NM-15A 37.7 0.4 357 56 991 0.01 0.06 -0.87 -7.05 
42-NM-15B 39.1 0.0 81 69 570 0.00 0.12 -1.55 -6.22 
43-NM-15 19.1 9.8 297 34 88 0.52 0.39 5.86 -9.4 
44-NM-15 21.5 12.8 280 57 103 0.60 0.56 5.25 -2.93 
45-NM-15 19.8 11.7 389 56 85 0.59 0.66 5.96 -3.41 
46-NM-15 25.1 12.9 434 80 139 0.51 0.58 1.82 -1.55 
47-NM-15 21.4 12.3 589 131 134 0.58 0.98 4.91 -3.74 
48-NM-15 33.6 1.4 342 109 335 0.04 0.32 -1.40 -10.2 
49-NM-15 24.0 14.1 405 257 150 0.59 1.72 3.45 -4.14 
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5. DISCUSSION 
 
5.1 Post-depositional alteration of carbon isotope 
 
The Neoproterozoic marine carbonates and their ability to maintain the primary isotopic 
composition is a strongly debated subject. The diagenesis and the metamorphic alteration 
may affect to the δ13C and δ18O composition and this can be examined by studying the 
trace element composition in the sedimentary carbonate rocks. Kaufman and Knoll (1995) 
has suggested that the level of diagenesis in the carbonate rocks can be evaluated from 
Mn/Sr ratio. When this ratio is < 10, the δ13C composition probably represents the primary 
value in the sample. Trace elements precipitate from the seawater at the same time as 
carbonates and end up to the crystal lattice of the carbonate mineral. During diagenesis 
and/or metamorphosis, meteoric waters may affect to the trace element compositions: Sr 
and Mg will be depleted while Mn and Fe will be enriched (Veizer 1983). It should be 
remembered that dolomites generally contain more Mn and less Sr than limestones, 
because of the dolomitization process (Salminen et al. 2013). 
The elemental relationship of the carbonate mineral resulting from diagenesis depends on 
the amount of water and whether the system is open or closed. In the open system, the 
elemental composition approaches the elemental composition of meteoric waters, while 
in the closed system the composition approaches the soluble carbonate phase values. In 
the case of isotopes, this behavior leads to a change in the δ18O value to a more negative 
direction as meteoric waters are more depleted in δ18O. The δ13C value is less sensitive to 
diagenesis, since carbonates contain much more carbon in relation to the meteoric waters. 
Because of this, the change of the isotope value towards the composition of the meteoric 
water does not occur (Halverson et al. 2010). 
Diagenetic or metamorphic alteration would cause resetting the C and O isotope 
composition, and it usually lowers the δ13C and δ18O values (Veizer 1983, Salminen et al. 
2013). The samples seem to have retained their primary δ13C composition based on the 
highest Mn/Sr ratio of 4.11 and the average Mn/Sr ratio of 0.72.  
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Highly fluctuating δ13C compositions represents the Neoproterozoic primary seawater 
composition and the negative anomalies are associated to wide global glaciations 
(Halverson et al. 2010). The δ13C composition of the samples varies from -1 – 7 ‰. This 
suggest that the samples would have precipitated during interglacials. 
In Figure 13 presents four cross plot diagrams to describe the concentrations of Mg and 
trace elements. The diagrams show only loose correlation. Sample results are quite 
scattered to make any assumptions based on them. On the Mn/Fe, Sr/Mn and Sr/Fe - 
cross-plot diagrams the sample points are in “L” shape. Either one of the variables are 
low or both. Mainly the samples are low in Fe and Mn, which suggest only slight 
diagenetic or metamorphic alteration of the sedimentary carbonate rocks and the trace 
element concentrations originally have been low. All calcites have similar trace element 
composition.  
 
Fig 13. Cross-plots of selected variables.  
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Fig 14. Cross-plots of selected variables. Arrows indicate alteration trends from primary 
composition to diagenetic by Nascimento et al. (2007). 
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In Figure 14 represents six cross-plot diagrams showing the relation between different 
components. The cross-plot diagrams also show alteration trends referring to the 
Nascimento et al. (2007) study about C isotopes. The primary – diagenetic arrow only 
indicates the direction where the diagenetic alteration would take the sample composition 
and it is not an absolute truth about the primary/diagenetic composition of the study 
samples. 
The δ13C – Ca and the δ13C – Mg/Ca cross-plot diagrams shows that the dolomite samples 
are different in the carbon isotope composition. The primary – diagenetic arrow indicates 
that samples would not be either be primary or diagenetic composition.  
In the δ13C – δ18O cross-plot diagram the samples do not have a clear uniform composition 
especially in the dolomite samples. The δ13C and δ18O values range widely. From primary 
composition, the diagenetic alteration trend is towards negative δ13C and δ18O values 
since the 18O isotope composition is easily altered by meteoric waters and the δ18O 
composition turns negative. The negative δ13C and δ18O values of calcite indicates altered 
composition. 
The dolomites and calcites seems to be mainly primary in the δ13C – Mn/Sr cross-plot 
diagram. The Mn/Sr ratio increases when the δ13C composition is around 3‰. In the δ18O 
– Mg/Ca cross-plot diagram some of the δ18O values are most likely altered in diagenesis 
or in metamorphosis. In the Mg/Ca – Mn/Sr cross-plot diagram indicates that the calcites 
and majority of the dolomite samples seem to have retained primary composition.  
 
5.2. Carbon isotope variations in the Taita Hills region 
 
In the Taita Hills region three formations have been identified by Horker et al. (1979): 
the Mgama-Mindi formation, the Mwatate formation and the Mugeno formation. The 
original lithological map by Horker et al. (1979) did not show clear boundaries for each 
formation or information how the formations were divided. Figure 15 shows an enlarged 
map from Figure 11 showing the Northern part of the Taita Hills area including the sample 
points with the δ13C compositions. The formation names are added to Figure 15 according 
to Horkel et al. (1979). 
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Fig 15. δ13C values placed on the map. Map is enlarged from the map in Figure 11 and this is the Taita Hills region in North.  
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The δ13C composition varies in the Mugeno formation from negative δ13C values of 
calcite (-1.55 – -0.86‰) to positive values (3.35 – 6.96‰) in dolomites. The variability 
of the δ13C values is greatest in the Mugeno formation compared to the other formations. 
On the map the δ13C values variation do not show any definite layered structure nor 
systematic variations, but in the middle of the carbonate layer the δ13C values often are 
lower than those at the edges.  
The δ13C composition of the assumed Mwatate formation varies from 2.82 to 5.65‰. In 
this formation the sedimentary carbonate layers are not as dominant as in the Mugeno 
formation. Collected and analyzed samples are all in a tight cluster, but Figure shows that 
there might be similar trend than that in the Mugeno formation. The δ13C values are higher 
in the edges and lower in the middle of the sedimentary carbonate layer.  
The variation of the δ13C values in the Mgama-Mindi formation is from 1.24 – 5.38‰. 
The sedimentary carbonate layer in this formation is thick and folded. In Figure 15 the 
δ13C values do not vary much in the Mgama-Mindi formation in North–South direction, 
but in West–East direction the variation is larger.  
Figure 16 is a hypothetical litostratigraphical description of the Taita Hills region and the 
three formations. Figure 16 also represents the δ13C composition of dolomite and calcite 
and how it changes in these formations. From the Mugeno formation the δ13C values for 
dolomite slightly decrease towards the Mgama-Mindi formation. The calcites in the 
Mugeno formation could possibly be altered and secondary in composition. The δ13C 
values are quite low compared to those in dolomite. This is supported by the primary – 
diagenetic alteration arrows in the Figure 14, which indicated in five diagrams that the 
calcites would not have retained their primary composition.  
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Fig 16. Hypothetical profile of the Taita Hills and Mgama-Mindi, Mwatate and Mugeno formations. 
Figure 17 represents an enlarged map from South-East from Taita Hills near the Kasigau 
hill region. The lithological map by Horkel et al. (1979) indicates that sedimentary 
carbonate layers from the Mugeno formation continue to South-East. If the sedimentary 
layer continues as the same layer to the Kasigau hill, then the geochemical composition 
can be expected to have similarities with the Mugeno formation. In the Kasigau hill region 
the δ13C values vary between -1.4 and 6.16‰. From both areas was found calcite, which 
might indicate that the sedimentary carbonate layer is continuous and contains calcite 
carbonate rocks between the main dolomite carbonate layers throughout the region. But 
the δ13C values are lower in the Kasigau hill area than those in the Mugeno formation. 
This might be a coincidence in sampling or there are differences in the δ13C values in 
South-East even if the sedimentary carbonate layer would be continuous from Taita Hills 
towards the Tanzanian border.  
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Fig 17. δ13C values placed on the map. Map is enlarged from the map in Figure 11 and this is the Kasigau hill region, South-East from the Taita Hills region
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5.3 The global δ13C curve 
 
Figure 18 presents the δ13C fluctuations in the Neoproterozoic era. This record is collected 
by Halverson et al. (2010) from numerous known Neoproterozoic metasedimentary 
carbonates, which have been able to date in some precision. Because no exact dating exist, 
it is only possible to estimate and make assumptions of the time where the samples by the 
δ13C composition would fit. Also, there is some in chapter 2 mentioned ages for this area 
from literature. By different authors and their studies has resulted ages for Kasigau and 
Kurase group, 850 Ma, 650 – 620 Ma, 490 Ma, 425 Ma. Tectonic events for these ages 
would be for the 850 Ma Rodinia supercontinent break-up, 650 – 620 Ma from East 
African orogeny. The Pan-African orogeny is presumed to reset the ages around 550 Ma. 
Fig 18. The δ13C fluctuations in the Neoproterozoic era. The global glaciations, Sturtian and Marinoan have 
distinct negative carbon excursions. Picture modified from Halverson et al. (2010). 
After the Rodinia supercontinent break-up, between 900 – 700 Ma, the Mozambique 
Ocean were formed. These sedimentary carbonate rocks could have precipitated during 
that time to the seafloor. Kurase to the continental shelf and Kasigau to the continental 
margin. During 650 – 620 Ma happened the East African orogeny and then possibly these 
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marine sedimentary carbonates were tectonically uplifted during the orogeny and set into 
a Kurase and Kasigau group.  
The δ13C record in the Tonian Period is having similar isotope values than samples in this 
study and would support this hypothesis. Also, between Sturtian and Marinoan 
glaciations, the δ13C values are around -1 – 7 ‰ which would make it another possible 
time these sedimentary carbonate rocks to be precipitated.  
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6. CONCLUSIONS 
 
In the Taita Hills region, the sedimentary carbonate rock layers are metamorphosed 
marine carbonates. During the Neoproterozoic era these chemically precipitated 
sedimentary carbonates have been sedimented on continental shelves. The sedimentary 
carbonates have gone through dolomitization and in the East African orogen the carbonate 
sediments have been uplifted. In earlier studies the Taita Hills area has been surveyed and 
the sedimentary carbonate rock layers can be detected from existing lithological maps. 
There are two litho-stratigraphic units in the Taita Hills area: the Kasigau group and the 
Kurase group. The Kurase group contains the sedimentary carbonate rocks which have 
been the focal point in this study. 
The metamorphosis and the diagenetic alteration affects the elemental and isotopical 
composition. The analyzed samples from the Taita Hills region did not show remarkable 
diagenetic marks. The δ18O composition is easily altered by meteoric waters and some of 
the samples can be considered to be altered and therefore the δ18O composition is not 
reliable. The δ13C composition, in the other hand, has probably remained primary and the 
low Mn/Sr ratios supports this finding. The δ13C values between calcite and dolomite 
samples differ strongly. The negative δ13C values for calcites might indicate alteration 
even if the Mn/Sr ratio is low.  
The elemental and isotopical composition varies between sedimentary carbonate layers 
throughout the Taita Hills. By comparing the formations in the Taita Hills region, the 
Mugeno formation, the Mwatate formation and the Mgama-Mindi formation, a small 
change the δ13C values is observed. From the Mugeno formation the δ13C values slightly 
decrease towards the Mgama-Mindi formation. 
The positive δ13C values represent interglacial time and the Taita Hills sedimentary 
carbonate rocks may have been precipitated before or after the Sturtian global glaciation.  
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APPENDIX A – sample coordinates 
 
SAMPLENUMBER LONGITUDE LATITUDE 
1-NM-15 -3.440515 38.365883 
2-NM-15 -3.440393 38.363513 
3-NM-15 -3.488802 38.369234 
4-NM-15 -3.486571 38.367698 
5-NM-15 -3.492319 38.369645 
6-NM-15 -3.499957 38.358933 
7-NM-15 -3.499644 38.35946 
8-NM-15 -3.499291 38.360503 
9-NM-15A -3.498903 38.361088 
9-NM-15B -3.498903 38.361088 
10-NM-15 -3.501665 38.356295 
11-NM-15 -3.490149 38.353746 
12-NM-15 -3.490116 38.353872 
13-NM-15A -3.490997 38.354082 
13-NM-15B -3.490998 38.354083 
13-NM-15C -3.490999 38.354084 
13-NM-15D -3.491000 38.354085 
14-NM-15 -3.498333 38.356111 
15-NM-15A -3.827526 38.60105 
15-NM-15B -3.827955 38.6006 
15-NM-15C -3.82859 38.599453 
15-NM-15D -3.82865 38.599459 
15-NM-15E -3.829317 38.597971 
16-NM-15 -3.89938 38.638343 
17-NM-15A -3.860879 38.623594 
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17-NM-15B -3.859727 38.623141 
17-NM-15C -3.850867 38.619639 
18-NM-15 -3.387642 38.367551 
19-NM-15 -3.411899 38.400323 
20-NM-15 -3.4125 38.402542 
21-NM-15 -3.431711 38.429228 
22-NM-15 -3.436514 38.460789 
23-NM-15A -3.440954 38.456425 
23-NM-15B -3.43805 38.457199 
24-NM-15A -3.501317 38.206718 
24-NM-15B -3.500311 38.207132 
24-NM-15C -3.48249 38.210685 
24-NM-15D -3.478484 38.211633 
25-NM-15 -3.474144 38.235579 
26-NM-15 -3.369866 38.27964 
27-NM-15A -3.356735 38.279205 
27-NM-15B -3.354055 38.281629 
27-NM-15C -3.355521 38.280846 
27-NM-15D -3.356334 38.279569 
28-NM-15 -3.449935 38.194189 
29-NM-15A -3.491106 38.266267 
29-NM-15B -3.493227 38.270211 
30-NM-15 -3.529087 38.304698 
31-NM-15 -3.44504 38.494351 
32-NM-15 -3.437428 38.50843 
33-NM-15 -3.454124 38.485042 
34-NM-15 -3.446078 38.489536 
35-NM-15 -3.451901 38.478551 
36-NM-15 -3.448705 38.475685 
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37-NM-15 -3.446118 38.47209 
38-NM-15 -3.420167 38.423964 
39-NM-15 -3.41821 38.425963 
40-NM-15 -3.41685 38.427748 
41-NM-15 -3.412336 38.430798 
42-NM-15A -3.397149 38.442794 
42-NM-15B -3.397107 38.442799 
43-NM-15 -3.393047 38.449865 
44-NM-15 -3.386199 38.457004 
45-NM-15 -3.460475 38.481803 
46-NM-15 -3.889189 38.669923 
47-NM-15 -3.92271 38.648384 
48-NM-15 -4.00753 38.649765 
49-NM-15 -3.496134 38.378285 
 
 
 
